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To investigate the behavior of the N=14 neutron gap far from stability with a neutron-sensitive
probe, proton elastic and 2+1 inelastic scattering angular distributions for the neutron-rich nucleus
22O were measured with a secondary beam intensity of only 1200 particles per second using the
MUST silicon strip detector array at the GANIL facility. A phenomenological analysis yields a
deformation parameter βp,p′ = 0.26 ± 0.04 for the 2
+
1 state, much lower than in
20O, showing a sur-
prisingly weak neutron contribution to this state. A fully microscopic analysis was performed using
optical potentials obtained from matter and transition densities generated by continuum Skyrme-
HFB and QRPA calculations, respectively. When the present results and those from a 22O + 197Au
scattering experiment are combined, the ratio of neutron to proton contributions to the 2+1 state
is found close to the N/Z ratio, demonstrating a strong N=14 shell closure in the vicinity of the
neutron drip-line.
PACS numbers: 21.10.Re, 25.40.Cm, 25.40.Ep, 21.60.Jz, 24.10.Eq
Shell structure is a distinctive feature of many-body
fermionic systems, such as metallic clusters, atoms and
nuclei [1–3]. Such structure is characterized by the ex-
istence of magic numbers. Nuclei are composed of two
types of interacting fermions, giving rise to a specific de-
gree of freedom, isospin. Therefore, there are magic num-
bers for both neutrons and protons, which are in principle
the same if charge independence holds. An important
question, specific to nuclear physics, is the robustness
of the shell closures as a function of neutron to proton
asymmetry: an eventual modification of magic numbers
far from stability could have major implications on our
understanding of nucleosynthesis through the r and rp
processes, as nuclear structure is an important input to
the models of explosive astrophysical scenarios [4]. The-
oretical predictions for the disappearance of well-known
magic numbers and the appearance of new shell gaps far
from stability have recently been given [5, 6]. With the
advent of radioactive beams during the last decade, ex-
perimental indications of such a behavior have emerged
(see e.g. [7]) for neutron magic numbers. However the
neutron gap is usually measured with an exclusively pro-
ton sensitive probe, such as Coulomb excitation. Only
indirect information on the neutron gap evolution is ob-
tained, through the neutron-proton interaction. Com-
plementary probes are therefore necessary to investigate
the neutron behavior. The purpose of this Letter is to
give for the first time experimental evidence for a new
neutron magic number using a probe mainly sensitive to
neutrons.
In this context, one of the most studied areas is the
neutron-rich part of the oxygen isotopic chain which has
a well-established proton magic number Z=8: many ex-
perimental [8–11] and theoretical [5, 12–14] efforts have
been devoted to the 18−24O isotopes, showing possible
N=14 and N=16 shell closures, which would make both
22O and 24O doubly magic nuclei. The energy of the
first 2+1 state of
22O has been measured at 3199(8) keV
[9], compared to 1670 keV in 20O, and its small B(E2)
value of 21(8) e2·fm4 [10] indicates a strengthening of the
N=14 shell gap. Even though the 2+1 state of
24O has not
been directly observed, its energy has been shown to lie
above 3.8 MeV, indicating an N=16 shell closure [11].
Conversely, 28O, which is doubly magic in the standard
shell model, was found to be unbound [15], contrary to
most theoretical predictions. Theoretically, both Quasi-
particle Random-Phase Approximation (QRPA) [8], and
shell model [16] calculations predict a decrease of B(E2)
from 20O to 22O. Moreover shell model calculations [6]
show a strong gap of 4.3 MeV between the 1d5/2 and
2s1/2 subshells, making
22O a magic nucleus.
However, all above mentioned experimental indications
of the N=14 magicity in 22O, are partial since they do
not probe separately the proton and the neutron contri-
bution to the 2+1 excitation. In Ref. [10] the B(E2) value
is obtained from inelastic scattering of 22O from 197Au
at an energy of 50 MeV/nucleon. The deduced B(E2)
value provides the proton transition matrix element Mp
2but since both Coulomb and nuclear interactions were
important in the reaction, the authors had to rely on
theoretical predictions to isolate the neutron and proton
contributions to the excitation. In other words, in the
absence of data from a second experimental probe, the
B(E2) value is model-dependent. Moreover, it is some-
what delicate to interpret the neutron gap behavior using
the B(E2) values which depend only on the proton con-
tribution to the excitation : as stated above, the neutron
gap is probed through the neutron-proton interaction,
the knowledge of which is subject to debate close to the
neutron drip-line [5, 17].
The neutron and proton transition matrix elements
Mn,p =< 2
+|r2Y20|0
+ > of a quadrupole operator are
obtained by integrating the corresponding transition den-
sities δρn,p(r) over r. In this case the proton transition
matrix element Mp is related to the reduced transition
probability by B(E2)=M2p . B(E2) must be measured
through an electromagnetic experiment. To disentangle
the proton (Mp) and the neutron (Mn) transition ma-
trix elements of the 2+1 excitation in
22O, we make use
of a (p,p’) scattering experiment on 22O. This second ex-
perimental probe, complementary to the 197Au target,
should allow us to deduce a model-independent value of
B(E2), and to evaluate the neutron contribution to the
excitation. The combined data probe more directly the
possible N=14 shell closure.
Protons at a few tens of MeV are known to inter-
act three times more strongly with neutrons than with
protons in the nucleus [18], whereas Coulomb excitation
or lifetime measurements probe directly only the proton
density distributions. The combination of the two types
of measurements can therefore disentangle proton and
neutron contributions to excited states. With the devel-
opment of radioactive beams, proton scattering data can
now be obtained for unstable nuclei. Elastic and inelas-
tic proton scattering experiments on 20O were recently
performed [8, 19], indicating a large isovector component
in the excitation of the 2+1 state, which is driven by the
excitation of neutrons. This behavior is characteristic for
a single closed-shell nucleus with in this case a partially
filled 1d5/2 sub-shell.
Direct reactions on short-lived unstable nuclei must
be performed in inverse kinematics, where a secondary
beam of the radioactive nucleus of interest bombards a
target containing the light particles [20]. Here the sec-
ondary beam was produced by fragmentation of a 77
MeV/nucleon 36S primary beam delivered by the GANIL
facility with a power of 1.5 kW on a 540 mg/cm2 12C
target located between the solenoids of the SISSI de-
vice. The secondary beam was selected and purified
using the beam analysis spectrometer, equipped with
a 150 mg/cm2 Al achromatic degrader, as a fragment
separator. The average intensity on target of the 46.6
MeV/nucleon 22O beam was only 1200 pps with a large
contamination of 25Na and 23F, which made up 88%
of the beam. The incident nuclei were tracked event-
by-event using two low pressure multiwire proportional
chambers (CATS) [21]. The reconstructed position reso-
lution on target was approximately 1mm. The secondary
beam impinged on a 5 mg/cm2 polypropylene (CH2)n
target. In order to select the elastic and inelastic reaction
channels the scattered heavy nuclei were identified in the
focal plane of the SPEG spectrometer [22]. To gain access
to the excitation energy and the scattering angle charac-
terizing the reaction, the energy and angle of the recoiling
protons were measured using the MUST array [23], con-
sisting of eight silicon-strip detectors, backed by Si(Li)
diodes and CsI crystals. Protons were unambiguously
identified through a combination of energy, energy-loss
and time-of-flight measurements. The trigger condition
was given by a coincidence between the SPEG plastic de-
tector and the MUST array, which, combined with the
off-line proton and 22O identification, effectively reduced
the background from the carbon component of the target.
Figure 1a) shows the scatterplot of the proton labo-
ratory angle vs. energy for 22O, where kinematic lines
corresponding to the ground and 2+1 states are very well
separated. Fig. 1b) displays the resulting excitation en-
ergy spectrum, where the 2+1 state is clearly visible at the
energy of 3.2 ± 0.2 MeV. No indication for higher lying
states is observed. The angular distributions could be
obtained directly by selecting the corresponding events
in energy. The background is very low as is shown by
the absence of significant background to the left of the
elastic peak. The absolute normalization was deduced
from the number of incident nuclei measured with the
CATS detectors and the target thickness. The error on
the normalization is estimated to be 10% including the
background effect. Fig. 2 displays the measured elastic
and 2+1 angular distributions. The error bars are purely
statistical.
A first approach to understand the results is the so-
called phenomenological analysis which makes use of op-
tical potential systematics. The most recent nucleon-
nucleus global potential is the parameterization elabo-
rated by Koning and Delaroche (KD) [24] for 24 ≤ A
≤209 nuclei with reaction energies ranging from 2 keV
to 200 MeV. We have also performed the analysis using
the more familiar Becchetti-Greenlees [25] and CH89 [26]
potentials, which yield the same conclusions. Coupled
Channel calculations using standard vibrational form fac-
tors were performed with the ECIS97 [27] code to obtain
inelastic cross sections. The normalization of the inelas-
tic angular distribution to the data leads to the value of
the (p,p’) deformation parameter β(p,p′).
The calculated elastic and inelastic angular distribu-
tions are displayed in figure 2. An overall good agree-
ment with the data is observed. The extracted deforma-
tion parameter is β(p,p′)=0.26 ± 0.04. We have chosen
to normalize on the forward data up to 30 deg. Nor-
malizing to the entire angular distribution reduces the β
3value by less than 0.01. The error bars correspond to the
minimum and maximum β(p,p′) values which allow the
measured angular distributions to be reproduced within
the error bars. The β(p,p′) value of
22O is much smaller
than the one measured for 20O (β(p,p′)=0.55 ± 0.06), and
also smaller than for 18O (β(p,p′)=0.37 ± 0.03) [8]. Since
proton scattering is much more sensitive to neutron than
to proton excitation, this result clearly indicates a weak
neutron contribution to the 2+1 excitation in
22O, com-
pared to less neutron-rich isotopes.
Such a simple analysis is valuable for comparison pur-
poses between isotopes, but a more detailed understand-
ing of proton scattering calls for a fully microscopic anal-
ysis, totally independent of the phenomenological ap-
proach. In the microscopic study performed here, neu-
tron and proton ground state densities are calculated us-
ing Skyrme Hartree-Fock-Bogoliubov (HFB) in coordi-
nate space, with the very recently developed exact quasi-
particle continuum treatment, the inclusion of which is
expected to be important for weakly bound nuclei [29].
The HFB equations are solved in coordinate space assum-
ing spherical symmetry. In the present continuum-HFB
calculations the mean field quantities are evaluated using
the Skyrme interaction SLy4 [30], while for the pairing
interaction we take a zero-range density-dependent force
[12].
To describe nuclear transitions, continuum-QRPA cal-
culations are performed using the HFB single quasipar-
ticle spectra. QRPA equations are derived in coordinate
space using the linear response theory. For the first time
the residual interaction is taken from the second deriva-
tive of the HFB energy functional with respect to the
matter and pairing densities, together with exact contin-
uum treatment (see [12]).
A measurement of the cross section of the first 2+ state
of 22O was obtained by Thirolf et al. [10] using inelastic
scattering from 197Au at 50 MeV/nucleon. However, due
to the range of scattering angles covered, both Coulomb
and nuclear components are involved in the excitation.
We have reanalyzed the data of the 22O+197Au reaction
using the same optical potentials as in Ref. [10]. We
found that for a given B(E2) value, the calculated exci-
tation cross sections varies very little with respect to the
nuclear deformation parameter βN . Destructive interfer-
ence between nuclear and Coulomb amplitudes implies
that, when the rather large error bar on the cross section
[10] is taken into account, the B(E2) value extracted is
not sensitive to the nuclear contribution as long as βN is
less than 0.4. The experimental B(E2) from this study
is equal to 21 ± 8 e2·fm4. The calculated B(E2) value
from QRPA is 22 e2·fm4 which agrees well with the mea-
sured value, showing that the magnitude of the proton
transition density is faithfully reproduced by the theory.
In order to directly compare the model with the pro-
ton scattering data, microscopic optical potentials are
generated from the HFB and QRPA densities using two
different methods: the folding model [31], and a micro-
scopic optical model potential (OMP) parameterization
using the JLM interaction [32]. The folding model anal-
ysis uses the CDM3Y6 interaction folded with the HFB
densities to generate the isoscalar and isovector parts of
the OMP. The spin-orbit potential as well as the transi-
tion potentials are obtained from the folding of the QRPA
transition densities with the nucleon-nucleon interaction.
The imaginary part of the OMP is generated with the
Koning and Delaroche [24] phenomenological parameter-
ization, already used in our phenomenological analysis
above. Cross sections are calculated using DWBA with
the ECIS97 [27] code.
The 22O(p,p’) angular distributions are displayed in
Fig. 2. The elastic angular distribution is well described,
even at large angles. Since the B(E2) is well repro-
duced by the proton transition density, we renormalize
the neutron transition density in order to fit the data.
This procedure assumes that QRPA reliably describes
the shape of the transition density for collective states
[28]. It provides an experimental value of the Mn/Mp
ratio for the 2+1 state, deduced from the combination
of the electromagnetic and the (p,p’) measurements [8].
We obtain Mn/Mp = 2.5 ± 1.0, or (Mn/Mp)/(N/Z) =
1.4 ±0.5. This is to be compared to the value for 20O,
(Mn/Mp)/(N/Z) = 2.2 ± 0.5, significantly different from
1 [8]. Incidentally, in the case of 22O, the error coming
from the heavy ion measurement is greater than from our
experiment.
In order to check the dependence on the potential used,
complex optical and transition potentials were also ob-
tained by injecting the calculated ground state and tran-
sition densities into the Jeukenne, Lejeune and Mahaux
(JLM) density dependent optical potential [32], which
was derived from Bru¨ckner-Hartree-Fock nuclear matter
calculations. Cross sections were then calculated in a
DWBA approach with the TAMURA code [33]. We have
tested that coupling to (p,d) pickup, which can have sig-
nificant effect on (p,p’) scattering of very weakly bound
nuclei [34], can be neglected in the present case. Renor-
malizing the neutron transition density in order to re-
produce the inelastic data leads to the same value of the
Mn/Mp ratio as when the folding potential is used. Two
optical potentials which are known to be reliable yield
the same result, which gives confidence that the matter
and transition densities are being critically tested here.
The phenomenological analysis points to a small neu-
tron deformation in 22O. The microscopic analysis indi-
cates that protons (Z=8 closed shell) and neutrons con-
tribute in a balanced way to the first 2+ excitation. This
is different from the case of 20O, where the excitation is
driven by the neutrons, as expected due to the Z=8 shell
closure. The result here, combined with the high en-
ergy of the 2+ state, points to a strong N=14 (sub-)shell
closure in neutron rich nuclei. Shell model calculations
reported by B.A. Brown [10] using the USD interaction
4predict strong N=14 and N=16 gaps in oxygen isotopes.
This calculation predicts Mn/Mp=2.6, in agreement with
the experimental result.
In summary, the angular distributions for elastic and
inelastic scattering to the 2+1 state of
22O have been mea-
sured using a secondary radioactive beam of only 1200
pps coupled to a highly efficient particle detection sys-
tem. Proton and neutron contributions to the excitation
are disentangled through the comparison of the present
results with a heavy ion scattering experiment dominated
by electromagnetic excitation. This method is shown
to be a general tool to search for neutron shell closures
which are only indirectly observed through Coulomb ex-
citation. In the present case evidence for a strong N=14
shell closure is obtained from several independent an-
alyzes. This effect has been predicted by recent shell
model calculations. Attention should now turn to 24O
and the N=16 sub-shell closure. A successful 24O(p,p’)
experiment will have to wait for the next generation ra-
dioactive beam facilities, but the generality of the present
method should allow to enhance our knowledge of neu-
tron shell closure far from stability in regions of heavy
nuclei.
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FIG. 1: a) : Scatterplot of recoiling proton energy versus
scattering angle in the laboratory frame for the 22O beam. b)
: 22O excitation energy spectrum deduced from the proton
kinematics.
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FIG. 2: Elastic and 2+1 inelastic angular distributions of
22O
at 46.6 A·MeV (dots). DWBA using the phenomenological
KD global optical potential (solid lines), and folding model
(dashed lines) calculations are shown (see text).
